During the peri-implantation period in sheep, L-arginine (LArg) in the uterine lumen is an essential substrate for the synthesis of nitric oxide (NO), by nitric oxide synthase (NOS), and polyamines, via arginase and ornithine decarboxylase, that are required for survival and development of ovine conceptuses (embryo and its extraembryonic membranes). L-Arginine can stimulate hypertrophy, hyperplasia, and differentiation of the ovine conceptus trophectoderm; however, the responsible signal transduction cascade has not been determined. Therefore, this study examined possible signaling pathways mediated by L-Arg, as well as the effects of two NO donors (S-nitroso-N-acetyl-DLpenicillamine and diethylenetriamine) and putrescine (precursor for spermidine and spermine) on oTr cell proliferation. Further, the inhibition of these effects by L-NAME (L-nitro-arginine methyl ester, an inhibitor of NOS) and nor-NOHA (N-omegahydroxy-nor-arginine, an inhibitor of arginase) was assessed. LArginine treatment increased the abundance of phosphorylated MTOR, RPS6K, and EIF4EBP1 in oTr cells. Consistent with activation of these cell-signaling molecules, L-Arg increased protein synthesis and reduced protein degradation in oTr cells. Both NO and polyamines enhanced cell proliferation in a dosedependent manner. The effects of L-Arg were partially inhibited by both L-NAME and nor-NOHA. These results indicate that LArg enhances production of polyamines and NO and activates the MTOR/FRAP1-RPS6K-RPS6 signaling pathway to stimulate proliferation and migration of oTr cells.
INTRODUCTION
L-Arginine (L-Arg) is a common substrate for nitric oxide (NO) via NO synthase (NOS) and polyamine synthesis following conversion to ornithine by arginase and then conversion of ornithine to polyamines via ornithine decarboxylase (ODC1) [1] . Both NO and polyamines are important for embryonic survival, fetal-placenta growth and development [2, 3] , as well as trophoblast outgrowth and cell migration [4, 5] . Nitric oxide is a major angiogenic factor [6] affecting uterine and fetal placenta blood flows that are essential for the transfer of nutrients and oxygen from mother to fetus [4, 7] . The polyamines-putrescine, spermidine, and spermine-are required for DNA and protein synthesis and for proliferation and differentiation of mammalian cells [8, 9] . In addition, L-Arg mediates central metabolic pathways for nutrient utilization and protein synthesis through FKBP12-rapamycin complex-associated protein 1 (MTOR, also known as FRAP1) and NO cellsignaling pathways [5, 10, 11] .
Uterine endometria and fetuses from many species, including mice [12, 13] , rats [14] , sheep [15] [16] [17] [18] , mares [19] , humans [20] , and pigs [21, 22] , have the capacity to catabolize L-Arg, due to the presence of NOS and ODC1, to produce NO and polyamines during gestation. In contrast, inhibition of NO synthesis by NOS inhibitors such as L-NAME (L-nitro-arginine methyl ester) in rats or the absence of NO synthesis in Nos3 knockout mice restricts fetal growth [23, 24] . Also, inhibition of polyamine synthesis prevents embryogenesis and impairs fetal growth in mice [9] . This evidence suggests that argininedependent metabolic pathways, including synthesis of NO and polyamines, are critical for conceptus growth and development in mammalian species.
We reported that the amount of L-Arg in uterine flushings from ewes increased 10-fold during the peri-implantation period of pregnancy [25] and that cationic amino acid transporters, SLC7A1 and SLC7A2, were expressed in trophectoderm and endoderm of conceptuses as well as uterine luminal and glandular epithelia in response to progesterone and interferon tau (IFNT) in sheep [26] . In ruminants, which have a synepitheliochorial placenta and a protracted peri-implantation period, L-Arg is transported into the uterine lumen to support conceptus development; however, little is known about the mechanisms whereby L-Arg stimulates ovine trophoblast hyperplasia and rapid elongation during the peri-implantation period of pregnancy. We have demonstrated that L-Arg increases phosphorylation of RPS6K and RPS6 as well as proliferation in ovine trophectoderm cells in a dose-dependent manner [27] . Therefore, the present study was designed to further test the hypothesis that L-Arg enhances production of NO and polyamines and activates the MTOR-signaling pathway to stimulate proliferation of ovine trophectoderm cells.
MATERIALS AND METHODS

Cell Culture
An established mononuclear ovine trophectoderm (oTr) cell line from Day 15 conceptuses was used in the present in vitro studies as described previously [28, 29] . One cell line, referred to as oTr1, was cultured in DMEM-F12 (Dulbecco modified Eagle medium F12) that included 10% fetal bovine serum (Gibco BRL, Grand Island, NY), 50U penicillin, 50 lg streptomycin, 0.1 mM each for nonessential amino acids, 1 mM sodium pyruvate, 2 mM glutamine, and 0.7 lM insulin. When the density of cells in the dishes reached about 80% confluence, they were cultured at a ratio of 1:3, and frozen stocks of cells were prepared at each passage. For the experiments, monolayer cultures of oTr cells (between passages 9 and 13) were grown in culture medium to 80% confluence in 100 mm tissue culture plates. Cells were serum starved for 24 h in customized medium, deprived of L-Arg for 6 h, and then treated with L-Arg in a dose-and time-dependent manner. For each experiment, this design was replicated in three independent experiments.
Immunofluorescence
The effects of L-Arg on phosphorylation of RPS6K and RPS6 were determined using immunofluorescence microscopy as previously described [30, 31] . Briefly, oTr cells were grown in Lab-Tek four-well chamber slides (Nalgene Nunc International, Rochester, NY) and treated with 0 or 0.2 mM LArg for 30 min. Cells were then fixed for 10 min in paraformaldehyde, rinsed, blocked in 5% normal goat serum, and incubated in primary antibody overnight at 48C. Rabbit anti-pEIF4EBP1 antibody (catalog no. 9451, Cell Signaling Technology, Danvers, MA) was used at a 1:200 dilution, and goat anti-rabbit IgG Alexa 488 (Chemicon, Temecula, CA) for 1h at room temperature. Cells were then washed and overlaid with Prolong Gold Antifade with DAPI (4 0 ,6 0 -diamidino-2-phenylindole). Slides were stored at 48C in the dark before immunofluorescence analysis. Fluorescence images of cells after treatment were captured using a Zeiss Stallion Dual Detector Imaging System with Intelligent Imaging Innovations Software (Carl Zeiss, Thornwood, NY).
Proliferation Assay
The oTr cells were subcultured into 24-well plates (20% confluent) in growth medium until the monolayer reached up to 50% confluency and then switched to serum-and insulin-free customized medium. After starvation for 24 h, cells were deprived of L-Arg for 6 h and then either L-Arg or D-arginine (DArg) was added to each well (n ¼ 3 wells per treatment) with 5% serum at the indicated concentration. Cells grown in serum-free specialized medium and specialized medium containing 10% fetal bovine serum served as negative and positive controls, respectively. The media were changed every 2 days, and treated cells were maintained for 4 days. Cell numbers were determined as described previously [32, 33] . Briefly, DMEM was removed from the cells by vacuum aspiration; the cells were then fixed in 50% ethanol for 30 min, after which the fixative was removed by vacuum aspiration. Fixed cells were stained with a Janus Green B in phosphate buffered saline (PBS; 0.2% w/v) for 3 min at room temperature. The stain was immediately removed using a vacuum aspirator, and the whole plate was sequentially dipped into water and destained by gentle shaking. The remaining water was removed by shaking, the stained cells were immediately lysed in 0.5 N HCl, and absorbance readings were taken at 595 nm using a microplate reader. As described previously [32] , cell numbers were calculated from absorbance readings using the following formula: cell number ¼ (absorbance À 0.00462)/0.00006926. The entire experiment was independently repeated three times with different batches of oTr cells between passages 7 and 10.
Migration Assay
Migration assays were conducted with oTr cells as described previously [28, 34] . Briefly, oTr cells (50 000 cells per 100 ll serum and insulin-free DMEM) were seeded on 8 lm pore Transwell inserts (Corning Costar no. 3422, Corning, NY). Treatments were identical to those previously described for the proliferation assay (n ¼ 3 wells per treatment). After 12 h, cells on the upper side of the inserts were removed with a cotton swab. For evaluation of cells that migrated onto the lower surface, inserts were fixed in 50% ethanol for 5 min. The transwell membranes were then removed, placed on a glass slide with the side containing cells facing up, overlaid with Prolong antifade mounting reagent with DAPI (Invitrogen-Molecular Probes, Eugene, OR), and cover slipped. Cells that had migrated were systematically counted using a Zeiss Axioplan 2 fluorescence microscope with Axiocam HR digital camera and Axiovision 4.3 software (Carl Zeiss Microimaging, Thornwood, NY). The entire experiment was repeated at least three times with different batches of oTr cells between passages 7 and 10.
Protein Synthesis and Degradation
Protein synthesis and degradation were measured in oTr cells cultured with L-[ 3 H]-phenylalanine as previously described with minor changes [35] . Briefly, oTr cells were incubated with L-Arg in customized medium at concentrations of 0 and 0.2 mM for 4 days and then switched to 2 ml medium containing 0.8 lCi L-[ring-2,4-3 H]-phenylalanine (American Radiolabeled Chemicals, St. Louis, MO) for 2 h and maintained at 378C in an incubator. Following incubation, the medium was collected and cells washed three times with 2 ml ice-cold PBS. The cell pellet was mixed with 2 ml of 2% trichloroacetic acid (TCA) [36] . Cells in each well were scraped, and then the whole solution was collected and centrifuged. The cell pellet was washed with 5 ml of 2% TCA and dried in air at 378C. After the pellet was dissolved in 0.5 ml of 1 M NaOH, 0.4 ml of the solution was transferred to a 20 ml scintillation vial containing 15 ml of Hionic Fluor Scintillation cocktail (PerkinElmer, MA). The 3 H radioactivity was determined using a liquid scintillation counter after samples had stood overnight at room temperature. The specific activity of [ 3 H]-phenylalanine in the medium was used to calculate the rate of protein synthesis in cells.
For determining protein degradation, oTr cells were cultured for 3 days in 2 ml of L-Arg-free medium and then in doses from 0 to 2 mM L-Arg. Beginning on Day 4, cells were cultured for 24 h in 2 ml of L-Arg-free medium containing 0.1 mM L-phenylalanine plus L-[ 3 H]-phenylalanine (0.8 lCi/well) and various concentrations of L-Arg. After the 24 h culture to label the cellular proteins, cells were washed three times with 2 ml L-Arg-free medium containing 1 mM L-phenylalanine to deplete intracellular free [ 3 H]-phenylalanine [36] . The cells were then cultured for 2 h in 2 ml medium containing 1 mM L-phenylalanine and various concentrations of L-Arg. At the end of the 2 h culture period, the medium was collected, cells were washed with 2 ml ice-cold PBS, and 2 ml of 2% TCA was added to each well. The whole TCA extract was collected into a 15 ml tube and centrifuged at 3000 3 g for 5 min. The supernatant fluid was removed and the pellet was washed three times with 5 ml of 2% TCA and dried in air at 378C. The pellet was then dissolved in 0.5 ml of 1 M NaOH and 0.4 ml of the solution was transferred to a 20 ml scintillation vial containing 15 ml Hionic Fluor Scintillation cocktail for measurement of [ 3 H]-phenylalanine. For determining [ 3 H]-phenylalanine released from prelabeled proteins into the culture medium, the collected medium was centrifuged at 3000 3 g for 2 min to remove dead cells. An aliquot (1 ml) of the supernatant fluid was transferred to a 15 ml tube containing 2 ml of 2% TCA. After the tubes were centrifuged at 3000 3 g for 5 min, all of the supernatant fluid was transferred to a 20 ml scintillation vial containing 15 
Preparation of Ovine Conceptuses
Using procedures described previously [37, 38] , conceptuses from Day 16 pregnant ewes (coincident with maximal production of IFNT by the conceptuses) were recovered by flushing each uterine horn with 20 ml minimal essential medium. The conceptuses were initially cultured for 6 h in L-Arg-free medium and then cultured in designated doses of L-Arg for 18 h at 378C with rocking under an atmosphere of 50% O 2 , 45% N 2 , and 5% CO 2 (n ¼ 4 per treatment). The culture medium was collected after centrifugation, and protease inhibitors (complete EDTA [ethylenediaminetetraacetic acid]-free protease inhibitor cocktail; Roche Diagnostics, Indianapolis, IN) were added. The culture supernatant was diluted and stored at 48C until analyzed. Conceptuses were homogenized, and the homogenate assayed for protein and then stored for use as a control. All the experimental and surgical procedures were in compliance with the Guide for the Care and Use of Agricultural Animals in Research and Teaching and approved by the Institutional Animal Care and Use Committee of Texas A&M University.
Western Blot Analyses
Whole cell extracts and immunoblot assays were prepared and performed as described previously [28, 30] . To harvest total cellular proteins for Western blot analyses, oTr cells were rinsed with cold PBS and lysed by incubation in lysis buffer (1% Triton X-100, 0.5% Nonidet P-40, 150 mM NaCl, 10 mM Tris, 1 mM EDTA, 1 mM ethylene glycol tetraacetic acid, 0.2 mM Na 3 VO 4 , 0.2 mM phenylmethylsulfonylfluoride, 50 mM NaF, 30 mM Na 4 P 2 O 7 , 1 lg/ml leupeptin, and 1 lg/ml pepstatin) for 30 min at 48C. Cell lysates were passed through a 26-gauge needle and clarified by centrifugation (16 000 3 g, 15 min, ARGININE-INDUCED CELL SIGNALING IN TROPHECTODERM 71 48C). The protein content was determined using the Bradford protein assay (Bio-Rad, Hercules, CA) with bovine serum albumin as the standard. Proteins were denatured, separated using SDS-PAGE, and transferred to nitrocellulose; Western blots were performed as described previously [28] using enhanced chemiluminescence detection (SuperSignal West Pico, Pierce, Rockford, IL) and X-OMAT AR X-ray film (Kodak, Rochester, NY) according to manufacturer's recommendations. Immunoreactive proteins were detected by using rabbit anti-mouse polyclonal p-MTOR IgG (catalog no. 2971) at a 1:1000 dilution and MTOR IgG (catalog no. 2972) at a 1:2000 dilution and 10% SDS-PAGE gel; rabbit anti-human polyclonal p-RPS6K IgG (catalog no. 9204) at a 1:1000 dilution and RPS6K IgG (catalog no. 9202) at a 1:2000 dilution and 10% SDS-PAGE gel; and rabbit anti-human polyclonal p-EIF4EBP1 IgG (catalog no. 9451) and EIF4EBP1 IgG (catalog no. 9644) each at dilutions of 1:1000 and 12% SDS-PAGE gel. All antibodies used in this study are from Cell Signaling Technology (Danvers, MA). Immunoreactive IFNT was detected using primary rabbit anti-ovine IFNT serum at a 1:5000 dilution. Rabbit antiovine IFNT serum was generated by immunizing rabbits with recombinant ovine IFNT [39] . As a loading control, mouse anti-alpha tubulin (TUBA) IgG (catalog no. T5168; Sigma, St. Louis, MO) was used after detecting the proteins on the blots. Multiple exposures of each Western blot were performed to ensure linearity of chemiluminescent signals. Western blots were quantified by measuring the intensity of light emitted from correctly sized bands under ultraviolet light using a ChemiDoc EQ system and Quantity One software (BioRad, Hercules, CA).
Statistical Analyses
Results are expressed as means 6 SEM. The statistical analysis was performed by one-way or two-way ANOVA using SPSS 13.0 (SPSS Inc., Chicago, IL); P values , 0.05 were taken to indicate significance.
RESULTS
Effects of D-Arg on oTr Cell Proliferation and Phosphorylaton of Signal Transduction
Before initiating experiments to identify the mechanism of action of L-Arg on oTr cells, we first compared the effects of LArg and D-Arg to exclude a possible role for D-Arg in activation of cell signaling and cell proliferation. It was determined that treatment of oTr cells with D-Arg had no effect on oTr cell proliferation, while L-Arg at 0.2 mM increased cell numbers by approximately 15-fold (P , 0.001; Fig. 1A ). DArginine also had no effect on the phosphorylation status of RPS6K and RPS6 (Fig. 1B) . Therefore, only the effects of LArg were assessed in subsequent experiments. 
Effect of NO Donors and Polyamine Precursor on oTr Cell Proliferation
To evaluate the direct effects of NO and polyamines on cell proliferation, cells were treated with the NO donors, S-nitroso-N-acetyl-DL-penicillamine (SNAP) and diethylenetriamine NONOate (DETA), and with the polyamine precursor, putrescine. Both SNAP and DETA enhanced proliferation of oTr cells (P , 0.01); however, the effects of DETA (10 or 50 lM) were greater than for SNAP (P , 0.01) (Fig. 2A) . Putrescine also stimulated cell oTr proliferation at 30 lM (P , 0.001) (Fig. 2B) .
Inhibitory Effects of L-NAME and nor-NOHA on oTr Cell Proliferation
Treatment of oTr cells with L-NAME and nor-NOHA (Nomega-hydroxy-nor-arginine) resulted in a dose-dependent decrease in oTr cell proliferation (Fig. 3, A and B) .. In the presence of 200 lM nor-NOHA, proliferation was reduced to approximately 60% of values for cells treated only with L-Arg (P , 0.001). The NOS inhibitor, L-NAME, also inhibited proliferation of oTr cells, but the effect was less than that for cells treated with 10 lM nor-NOHA (Fig. 3B) .
Effect of L-Arg on Protein Synthesis and Degradation in oTr Cells
Cell growth is regulated by a balance between protein synthesis and degradation. Therefore, we compared the in vitro rates of protein synthesis and degradation based on incorporation of [ 3 H]-phenylalanine for 2 h. Results indicated that LArg increased (P , 0.05) protein synthesis that ranged from 5-to 8-fold higher than for control cells in medium that lacked LArg (Fig. 4A) . Furthermore, even during the short period of culture, protein degradation in oTr cells was inhibited by L-Arg (Fig. 4B) .
Effect of L-Arg on Phosphorylation of MTOR, RPS6K, and EIF4EBP1 Proteins During Long-Term Cultures
Effects of L-Arg on protein synthesis and degradation in oTr cells were evaluated to determine whether increased supplementation of L-Arg to culture medium increased protein levels of MTOR-signaling molecules. Thus, oTr cells were incubated with L-Arg at 0, 50, or 200 lM for 96 h to determine total and phosphorylated forms of MTOR, RPS6K, and EIF4EBP1. LArginine had no effect (P . 0.10) on amounts of total MTOR, RPS6K, or EIF4EBP1 proteins in oTr cells (Fig. 5, D-F 
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increased (P , 0.01) p-MTOR by 73% and 203%, p-RPS6K protein by 201% and 207%, and p-EIF4EBP1 protein by 52% and 204%, respectively (Fig. 5, A-C) .
Production of IFNT in Response to L-Arg by Ovine Conceptus Explant Cultures
IFNT, produced by ovine conceptus trophectoderm, is the maternal recognition signal in ruminants [40] . To determine whether L-Arg stimulates synthesis of proteins by ovine conceptuses, we quantified the levels of IFNT in culture medium by Western blot analyses. L-Arginine (0.2 mM) increased IFNT production and secretion compared to control ovine conceptuses cultured in the absence of L-Arg (Fig. 6) . For a loading control, an equal volume of conceptus lysate was loaded and probed with an antibody to a-tubulin.
Simulation of oTr Cell Migration by NO
We investigated whether the effect of L-Arg to enhance migration of oTr is mediated through NO synthesis by incubating oTr cells with the nitric oxide donors SNAP and DETA. SNAP and DETA stimulated migration of oTr cells by 1.5-and 1.8-fold (P , 0.01), respectively (Fig. 7) . However, L-Arg at 200 lM was more effective than either SNAP or DETA in stimulating migration of oTr cells (P , 0.01).
Effects of L-Arg on Phosphorylation of EIF4EBP1 and Its Cellular Localization
EIF4EBP1 binds directly to EIF4E to inhibit complex assembly for translation initiation. Phosphorylation of EI-F4EBP1 results in its release from EIF4E, allowing translation of mRNAs to proceed. We demonstrated that L-Arg significantly increases phosphorylation of RPS6K and RPS6, which are key components of the classical cell-signaling pathway for MTOR (see Fig. 5, A-C) . Therefore, we investigated whether EIF4EBP1 is present and phosphorylated in oTr cells and its intracellular localization. The results indicated that L-Arg increased the phosphorylation of EIF4EBP1 in nuclei of oTr cells and that this phosphorylation was inhibited by rapamycin (Fig. 8) , which suggests that phosphorylation of EIF4EBP1 occurs via the MTOR cell-signaling pathway.
DISCUSSION
Amino acids influence fetal-placental growth and development; therefore, providing adequate amounts of these nutrients to the conceptus is critical to pregnancy. Dietary supplementation with L-Arg has been shown to ameliorate intrauterine growth restriction in women [41, 42] as well as enhance fetal survival and growth in rats [43] and gilts [44] . L-Arginine is required for protein synthesis, and it is a precursor of many metabolically important molecules, including proline, ornithine, polyamines, and NO [2, 44] . Evidence from studies of 
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pigs and sheep indicates that increased availability of L-Arg in fetal fluids is associated with high rates of NO and polyamine synthesis during early gestation when placental growth is most rapid [17, 18, 21, 22] . NOS is required for the synthesis of NO from arginine, whereas arginase catalyzes the conversion of arginine to urea and ornithine, which is the principal precursor for the production of polyamines [45] . Impaired production of NO and polyamines from L-Arg is not only responsible for embryonic death and inhibition of trophoblast outgrowth but also for fetal defects and failure of implantation, which reflect the importance of L-Arg-dependent metabolic pathways in conceptus growth and development [16, [46] [47] [48] . The MTOR cell-signaling pathway is a key regulator of metabolic actions of L-Arg [49, 50] ; however, little is known about the molecular mechanisms whereby L-Arg stimulates proliferation of cells of ovine conceptuses.
Our studies with cultured oTr cells indicated that L-Arg stimulates the phosphorylation of proteins in the MTOR cellsignaling pathway, including RPS6K and RPS6 [27] . Polyamine biosynthesis is closely related to DNA synthesis [51] and requires actions via a number of cellular pathways relevant for cell proliferation [8] , but these molecular mechanisms are not fully defined. Nitric oxide can activate MTOR and increase synthesis of polyamines [5] . Indeed, activation of MTOR signaling represents an important step in the mechanism of action of NO and polyamines [52] . A large body of evidence indicates that NO is involved in pregnancy through its function as a vasodilator [4] , and as an important regulator of embryogenesis [2] and trophoblast functions such as implantation, differentiation, motility, invasion, and apoptosis [53] [54] [55] . Evidence from in vivo expression of ODC1 and NOS in conceptuses and endometria also indicate that conversion of Arg into polyamines and NO affects conceptus development during the peri-implantation period of pregnancy [15] . Therefore, we hypothesized that L-Arg increases production of NO and polyamines by oTr cells and that these products increase MTOR cell signaling for cell proliferation. To our knowledge, results of the present study are the first to indicate that increased biosynthesis of polyamines and NO from L-Arg enhance cell-signaling pathways that stimulate proliferation of ovine trophectoderm cells. Further, our results indicate that NO donors (SNAP and DETA) and a polyamine precursor (putrescine) increase proliferation of oTr cells by up to 3.8-and 6.7-fold, respectively. This effect depends on both NO and polyamine biosynthesis because the effects of L-Arg were reduced by 28.8% and 58.4%, respectively, by a NOS inhibitor (L-NAME) and an arginase inhibitor (nor-NOHA). However, further studies are required to determine whether there are alternative mechanisms and cell-signaling pathways whereby L-Arg or products/components of L-Arg metabolism may stimulate proliferation and migration of trophectoderm cells. It is also important to note that in other cell types, NO may exert antiproliferative effects [56, 57] because pathways for the synthesis of NO and polyamines compete for L-Arg, which is the common substrate for NOS and ODC1.
Cell growth and hypertrophy occur when protein synthesis exceeds the rate of protein degradation [58] . In the ovine blastocyst, trophoblast elongation is initiated around gestational Day 11 and occurs before implantation as conceptuses rapidly transition from spherical to tubular and elongated filamentous forms [59] . During the process of elongation, the size of ovine conceptuses increase more than 500-fold [60] , and this is accomplished by increases in cell proliferation and protein synthesis [61] . Results of the present study indicated that L-Arg increased both protein synthesis and proliferation of oTr cells. We also found that L-Arg stimulated the synthesis and release of IFNT, which is the most abundantly synthesized and secreted protein from ruminant conceptus trophectoderm [40] . This result is another indicator of the stimulatory effect of L-Arg on proteins synthesis in oTr cells. Similarly, L-Arg increases net protein synthesis in skeletal muscle of pigs, rats, and mice [62] [63] [64] [65] as well as intestinal cells [35] . Indeed, increased availability of L-Arg in the ovine uterine lumen [25] is correlated with an increase in endometrial expression of LArg transporters such as SLC7A2, which is induced during the period of blastocyst elongation by progesterone and further stimulated by trophectoderm-derived IFNT [26] . In addition, MTOR inhibits protein degradation [66] , which is consistent with the effect of L-Arg on oTr cells in the present study.
The results of the present study strongly support the hypothesis that L-Arg-dependent synthesis of NO and polyamines in conceptus trophectoderm cells stimulates proliferation and protein synthesis, while reducing protein degradation. This effect of L-Arg can result from the activation of MTOR signaling, such as increased phosphorylation of MTOR, RPS6K, and EIF4EBP1 (Fig. 5) . Activated MTOR phosphorylates RPS6K and EIF4EBP1 in vivo and in vitro [67] . There is increasing evidence that L-Arg can activate MTOR and other kinase-mediated signaling pathways to increase the phosphorylation of RPS6K and total RPS6K protein [68] as well as protein synthesis and cell migration [49, 69] . Consistent with these reports, our results indicate that L-Arg activates the MTOR-signaling pathway partly through RPS6K and EI-F4EBP1 phosphorylation. Additionally, both L-Arg and NO donors stimulate migration of oTr cells.
Besides regulation of translation, MTOR has been reported to shuttle between the nucleus and cytoplasm of cells to regulate ribosome biogenesis, macroautophagy, and/or transcription [70] [71] [72] [73] . The results of our previous studies demonstrated that the abundance of phosphorylated MTOR and RPS6K increased in nuclei of conceptus trophectoderm and endoderm [28, 74] . Therefore, we investigated the intracellular localization of EIF4EBP1 and found that the phosphorylated form of EIF4EBP1 in nuclei of oTr cells was increased by L-Arg and that this effect of L-Arg was abrogated by rapamycin. The presence of pEIF4EBP1 both in the cytoplasm and in the nucleus of cells as observed in the present study has been reported by others [75] [76] [77] . While the mechanism of EIF4EBP1 0 s nuclear localization has not elucidated, it has been suggested that its target protein, EIF4E, functions as a nuclear regulator of the export of a wide variety of RNAs involved in proliferation and growth of cells [78] . Functional studies of the significance of nuclear translocation of p-EIF4EBP1 warrant further investigation.
In conclusion, L-Arg added to culture medium at physiological concentrations in uterine fluid [25] and fetal fluids [79] stimulate proliferation and migration in oTr cells through mechanisms mediated by NO and polyamine synthesis, increased protein synthesis, and reduced protein degradation. These effects of L-Arg, mediated via the MTOR cell-signaling pathway provide important insights for the beneficial effects of dietary supplementation with L-Arg to improve fetal-placental growth and development, as well as survival and growth of ovine conceptuses.
